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Sunday, February 3, 2012 167astudies have analyzed protein rigidity using single molecule techniques such as
AFM and MD simulations. These have focused on model systems such as sin-
gle domain fibrils or amyloids. Here, we investigate these properties in native
proteins chosen to represent particular protein classes: a (myoglobin and bo-
vine serum albumin (BSA)), aþb (lysozyme), and b (green fluorescent protein
(GFP)). We used Brillouin spectroscopy to provide information on the mechan-
ical modulus on an ~100nm length scale, accounting for contributions from the
protein, solvent, protein-protein interface, and protein-solvent interface; as
well as Raman and neutron scattering to analyze the low-frequency vibrational
spectra, the boson peak which might provide estimates of rigidity of a single
protein.
The results clearly demonstrate that the a-helix proteins are softer than the pro-
teins containing the b-motifs, both in dry and hydrated states (h~0.4). GFP with
its b-barrel structure is the most rigid protein studied. The Young’s modulus of
all the proteins decreases with increasing temperature. Dry proteins are rigid at
low temperature, with Young’s Modulus approaching ~7GPa (myoglobin) to
~13GPa (GFP). Hydrated proteins exhibit an increase in rigidity at low temper-
atures due to the freezing of hydrogen bond fluctuations between the protein
surface and hydration water molecules. At higher temperatures, the hydrated
proteins soften significantly, showing high conformational flexibility and expe-
riencing larger amplitude dynamics strongly coupled to the solvent. Our results
also suggest that this plasticizing effect by water is weaker for larger proteins,
whose hydrophobic core is less affected by the presence of solvent molecules.
Finally, we speculate about the physical origin of the boson peak in terms of
collective vibrations of specific secondary structural units.
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Small ubiquitin-like modifiers (SUMOs) are implicated in regulating protein
function through post-translational modification that is akin to ubiquitin. Ubiq-
uitin and SUMO proteins belong to b-grasp topology and share >95% struc-
tural homology. Similar to ubiquitin, SUMOs are also found to form
polymers in vitro and in vivo. However, the functional significance of polySU-
MOs remains to be understood. We have used protein engineering to construct
polyproteins, (SUMO1)8 and (SUMO2)8, in which individual protein mole-
cules are linked in tandem through N-C termini with peptide linkages. Mechan-
ical properties of these polyproteins are measured using single-molecule force
spectroscopy and compared them with those of polyubiquitins. We observed
a two-state mechanical unfolding pathway for SUMO1 and SUMO2, which
is similar to that of ubiquitin. Nevertheless, the unfolding forces of SUMO1
(~130 pN) and SUMO2 (~120 pN) are lower than that of ubiquitin (~190
pN) indicating their lower mechanical stability. The mechanical stabilities of
SUMO proteins and ubiquitin are well correlated with the number of inter-
residue contacts present in their structures. From pulling speed dependent me-
chanical unfolding experiments and Monte Carlo simulations, we find that the
unfolding potential widths of SUMO1 (~0.51 nm) and SUMO2 (~0.33 nm) are
much larger than that of ubiquitin (~0.19 nm), indicating that SUMO1 is 6
times and SUMO2 is 3 times more mechanically flexible than ubiquitin. Inter-
estingly, SUMO polyproteins are mechanically stronger than the physiologi-
cally relevant Lys48-C-linked polyubiquitin, which unfolds at very low
unfolding forces ~85 pN. This might suggest a possible mechanical role of
polySUMOs in proteasomal degradation, which is in concurrence with the
recent studies showing crosstalk between polySUMOs and polyubiquitin in
targeting proteins for degradation. We conclude that the mechanical flexibility
of SUMOs might also have implications in modulating the function of target
proteins through SUMOylation.
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By using force-quench AFM (FQ-AFM) spectroscopy molecular structures
with transient stiffnesses are detected during folding of a recombinant protein
with four I27 molecules linked in tandem. The intermediate stiffnesses are de-
tected from shape and peaks of the autocorrelation of the fluctuations in end-to-
end lengths of the folding molecules, as well as by applying the equipartition
theorem to FQ-AFM experimental results. In the light of the relevant molecular
dynamics simulations these intermediates are likely to probe the ensemble of
random-coiled collapsed states present both in the force-quench and thermal-
quench folding pathways.855-Pos Board B624
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Cellular biopolymers can exhibit significant compositional heterogeneities as
a result of the non-uniform binding of associated proteins, the formation of mi-
crostructural defects during filament assembly, or the imperfect bundling of fil-
aments into composite structures of variable diameter. These can lead to
significant variations in the local mechanical properties of biopolymers along
their length. Existing spectral analysis methods assume filament homogeneity
and therefore report only a single average stiffness for the entire filament. How-
ever, understanding how local effects modulate biopolymer mechanics in a spa-
tially resolved manner is essential to understanding how binding and bundling
proteins regulate biopolymer stiffness and function in cellular contexts. Here,
we present a new method to determine the spatially varying material properties
of complex biopolymers from the observation of passive thermal fluctuations of
the filament conformation. We develop new statistical mechanics-based ap-
proaches for heterogeneous filaments that estimate local bending elasticities
as a function of the filament arc-length. We validate this methodology using
simulated polymers with known stiffness distributions, and find excellent
agreement between derived and expected values. We then determine the bend-
ing elasticity of microtubule filaments of variable composition generated by re-
peated rounds of tubulin polymerization using either GTP or GMPCPP,
a nonhydrolyzable GTP analog. Again, we find excellent agreement between
mechanical and compositional heterogeneities.
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Cyclic-nucleotide gated (CNG) channels are tetramers composed of distinct
subunits. When the subunit CNGA1 is heterologously expressed in Xenopus
laevis oocytes, functional channels are activated by cyclic nucleotides and
have similar properties as that of native CNG channels. These channels belong
to the family of voltage-gated ion channels and share a significant amino acid
sequence identity with Kþ channels suggesting a common ancestral three-
dimensional structure. However, unlike Kþ channels, the crystal structure of
CNG channels is not known. In order to gain structural and functional informa-
tion of these channels, we used single-molecule force spectroscopy (SMFS) to
unfold individual CNGA1 subunit from Xenopus laevis oocyte’s plasma mem-
brane (‘‘in situ’’). We have also expressed CNGA1 subunit linked to a single
molecule marker acting as a fingerprint in SMFS experiments, allowing the un-
equivocal recognition of spectra obtained from the unfolding of a single sub-
unit of CNGA1 channels. Force traces of CNGA1 subunits showed
a mechanical stability around 50pN. The comparison of contour length histo-
grams in the closed and open states showed that in the open state, the cyclic-
nucleotide binding (CNB) domain and the C-linker have a more defined folded
structure and that significant conformational changes occur in the pore region
upon gating.
857-Pos Board B626
Multistep Pathway to Stable Misfolded Structures Observed in Single
Prion Protein Dimers by Force Spectroscopy
Hao Yu1, Derek Dee1, Xia Liu1, Angela M. Brigley2, Iveta Sosova2,
Michael T. Woodside1,2.
1Department of Physics, University of Alberta, Edmonton, AB, Canada,
2National Institute for Nanotechnology, National Research Council,
Edmonton, AB, Canada.
The detailed mechanisms of protein misfolding and aggregation remain largely
intractable, due to the complexity of possible interactions and folding path-
ways. One approach to this problem is to study the folding of minimal oligo-
mers of aggregation-prone proteins, simplifying the challenge of determining
how misfolding proceeds. Towards this end, we studied the folding of two
PrP molecules linked end-to-end to form dimers. The prion protein PrP con-
verts from a helical to b-rich form to cause transmissible spongiform enceph-
alopathies. Using optical tweezers to unfold and refold individual PrP dimers,
we found that dimers behave very differently from monomers. Remarkably, de-
spite the high folding rate of PrP, neither domain of the dimer ever formed the
native structure. Instead, the dimer formed exclusively a non-native structure,
which was rich in b-sheets. In contrast to the monomer, which folded without
intermediates, dimer folding proceeded through multiple partially-folded
168a Sunday, February 3, 2012intermediates. From the force spectroscopy measurements, we mapped the
pathway to the misfolded structure, finding that an intermediate that folds rap-
idly at high force initiated the misfolding. These results provide insight into the
microscopic mechanisms of structural conversion in prion protein misfolding.
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Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that plays
a pivotal role in hemostasis - it serves as a ligand for platelet adhesion and ag-
gregation forming a hemostatic plug. The hemostatic potential of VWF is reg-
ulated by hydrodynamic forces arising in the circulation. Hydrodynamic
shear at sites of bleeding activate the binding of VWF to platelet receptor
GpIb. Hydrodynamic forces in blood flow also attenuated thrombosis pro-
moting ultralarge VWF by activating cleavage in the VWF A2 domain by
the metalloprotease ADAMTS13. Here, we investigated how mechanical
forces, which occur in the circulation, regulate the structural conformation
and function of VWF at the molecular level using a combination single-
molecule manipulation and computational modeling. We created various hy-
drodynamic flows to mimic a wide range of blood flow conditions, while di-
rectly visualizing the conformational dynamics of single VWF molecules.
First, we developed a assay that uses a microfluidic device with a cross-slot ge-
ometry to study VWF under elongational flow and developed a custom ‘‘shear
wheel’’ microscope to study VWF under shear flow. These techniques will en-
able us to understand how hydrodynamic forces in the bloodstream act on VWF
to cause quaternary unfolding, and how this in turn regulates adhesive activity.
Second, we developed a kinetic model of force-induced enzymatic cleavage of
A2 by ADAMTS13. Our simulations, using parameters from single-molecule
force experiments, predict the known healthy size distribution of VWF. We
also found that calcium ions protects health-sized VWF from cleavage, and
that A2 mutations related to the heritable bleeding disorder vonWillebrand dis-
ease (VWD) shift hemostatic potential by destabilizing the domain structure
under force. These newly developed experimental techniques and findings
will lead to a better understanding of bleeding disorders and help progress
the therapeutic development of VWD.
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Protein unfolding, disassembly, and aggregation due to underlie many diseases,
but detailed study of these processes in intact cells has been limited. Cysteine
Shotgun labeling utilizes cell-permeable fluorescent dyes to label exposed cys-
teine residues and was initially applied to study protein structure changes in re-
sponse to mechanical stress on cells. We have re-purposed the technique to
identify protein changes in whole-cell lysates in native versus urea-
denaturing conditions and in live cells as a function of time and temperature
(20-45 deg-C) and mechanical force from stretching. Labeling rate constants
are calculated for any given Cys site by normalizing the protein labeling kinet-
ics to the rapid labeling under denaturing conditions. Proteins can be identified
and further analyzed by mass spectrometry to pinpoint specific, susceptible do-
mains involved. A number of proteins contain cys with a wide variety of rate
constants. Many of these proteins are cytoskeletal, such as Filamin A and B,
Talin 1, and Myosin 9. These proteins contain many cysteine-rich domains
and appear especially amenable to studying by this new in-cell technique.
Many cysteines are near sites of phosphorylation and disease mutations, creat-
ing an important new source of data on the effect of these key sites.
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Cadherins are Ca2þ-dependent cell-cell adhesion proteins which play key roles
in the formation and maintenance of tissues in multi-cellular organisms. We re-
cently showed that cadherins withstand tensile force by forming catch bonds
where their bond lifetimes increase with tensile force. Here we resolve the mo-lecular mechanism of cadherin catch bond formation. Using Steered Molecular
Dynamics (SMD) simulations, we show that catch bonds are formed because
tensile force re-orients the cadherins such that they lock into a tighter contact.
Our simulations also predict that cadherins are unable to lock into a tighter
binding conformation if their extracellular regions are made more floppy by ti-
trating Ca2þ ions from solution. Using single molecule force measurements
with an Atomic Force Microscope (AFM), we confirm that catch bond forma-
tion is abolished as Ca2þ concentration is reduced. Based on these results we
propose a molecular model by which cadherins withstand mechanical stress
and strengthen cell-cell junctions.
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Hydrophobic interactions underpin many biological self-assembly processes,
including protein folding and assembly, ligand-receptor interaction, and mi-
celle and membrane formation. Recent theoretic work by Lum, Chandler and
Weeks highlighted the distinct mechanisms for the hydrophobic hydration of
small solutes and larger ones. Small solutes can be incorporated into surround-
ing water molecules by simple entropy driven fluctuations of water, whereas
solvation of larger solutes requires the formation of hydrophobic-hydrophilic
interface and is an enthalpy-dominated process. However, experimentally ver-
ifying this theory is fraught with difficulties. Here, using atomic force micros-
copy (AFM) based single-molecule force spectroscopy, we quantitatively
determine the contribution of entropy and enthalpy for the hydrophobic hydra-
tion of polystyrene nanospheres. Our work is based upon pioneering work done
by Li and Walker. However, we present a novel data analysis strategy to obtain
the free energy profile for the hydrophobic hydration process from the force-
extension curves in a model-free fashion. The entropy and enthalpy for the hy-
drophobic hydration of the polystyrene sphere are in good agreement with the-
oretic predictions. We focus on the hydration of the nanospheres instead of the
stretched polystyrene chains, which allows direct measurement of the crossover
length for the two distinct hydrophobic hydration mechanisms of hydration of
small and large particles. Our experimental results show that the crossover
length is ~ 1 nm and can be tuned by the solvent conditions. Thus, our exper-
iments directly support the length-dependent hydrophobic hydration theory and
provide a novel way for the quantification of the free energy for the hydropho-
bic hydration. Since hydrophobic interactions occur at different length scales in
biological systems, we anticipate that our results will be helpful for the under-
standing of the distinct effect of hydrophobic interactions in various self-
assembly process.
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The interaction between RNA and binding proteins plays an important role in
the structure, stability, function and dynamics of either molecular species. The
Mason-Pfizer monkey retrovirus (MPMV) is an ideal model for investigating
RNA-protein interactions, because part of the genomic RNA, called the pack-
aging signal, is influenced by the binding of its capsid proteins. To explore the
properties of MPMV RNA, we manipulated individual molecules of the
packaging-signal sequence by using force-measuring optical tweezers.
The 207-base-long segment of MPMV RNA corresponding to the packaging
signal, extended on each side with 1200-base-long indifferent gene segments
for mechanical handling, was cloned into a pET28a vector, then expressed in
an in vitro transcription system. Complementary DNA strands were hybridized
to this RNA in a thermal-ramp protocol so as to obtain RNA/DNA handle ends.
The complex was then manipulated in repetitive stretch and relaxation cycles
across a force range of 0-80 pN under Mg-free conditions. At a stretch rate
of 250 nm/s force increased monotonically and non-linearly. Above 15 pN
a two-step transition was typically observed, corresponding to the unfolding
of the RNA molecule. The total length gain (~100 nm) associated with the pro-
cess is in good agreement with the theoretical contour length. The transitions
were not reversible during relaxation with a rate of 250 nm/s, suggesting that
the force-dependent refolding kinetics are slow in comparison with that of
the experiment. However, upon introducing a ~30-second pause before the sec-
ond mechanical cycle, the unfolding transitions reappeared. Our findings sug-
gest that the packaging signal forms a complex, stable secondary structure that
